Single-chain crosslinked star polymers with hydrophilic multiple short arms and a hydrophobic core were created as novel microgel star polymers of single polymer chains. The synthetic process involves the intramolecular crosslinking of self-folding amphiphilic random copolymers in water. For this, amphiphilic random copolymers bearing hydrophilic poly(ethylene glycol) (PEG) and hydrophobic olefin pendants were synthesized by ruthenium-catalyzed living radical copolymerization of PEG methyl ether methacrylate, dodecyl methacrylate, and hydroxyl-functionalized methacrylates, and the in-situ or post esterification of the hydroxyl pendants of the resulting copolymers with methacryloyl chloride. The olefin-bearing copolymers with 20-40 mol% hydrophobic units efficiently self-folded with hydrophobic interaction in water and were crosslinked intramolecularly using a free radical initiator or a ruthenium catalyst to selectively provide single-chain crosslinked star polymers, while a counterpart with 50 mol% hydrophobic units induced bimolecular aggregation in water to give double-chain crosslinked star polymers. Primary structure of the star polymers can be precisely controlled with random copolymer precursors. Owing to PEG arm units, the star polymers further showed thermosensitive solubility in water.
Introduction
Local crosslinking of polymer chains and their aggregates is a key technology to build soluble functional macromolecules of stable three-dimensional architecture in various solvents and environments. [1] [2] [3] [4] [5] Microgel-core star polymers [1] [2] [3] [4] [6] [7] [8] [9] [10] [11] [12] are representative core-shell macromolecules carrying a microgel core that is covered by multiple linear arm polymers. The crosslinked core not only serves to maintain the star-branched structure in various environments but also provides unique nano compartments for catalysis [8] [9] [10] [11] and molecular encapsulation and release. 12 Such functionalized star polymers are efficiently obtained via the local crosslinking of living linear polymers (or macroinitiators) with functional linking agents (e.g., divinyl compounds) and monomers in living radical polymerization. 13 However, microgel-core star polymers in principle involve difficulty on the on-demand control of the numbers of arm chains and in-core functionality because the core-forming process (micro-gelation) competitively undergoes both "intermolecular" In contrast, single-chain folding polymers, single-chain polymeric nanoparticles (SCPNs), and unimer micelles literally comprise single polymer chains that self-fold with "intramolecular" physical association and/or covalent linking in solutions. They can thus provide functional nanospaces based on single polymer chains. 17, 18, 25, 27 Recently, we have synthesized various amphiphilic and functional random copolymers via living radical polymerization to create single-chain folding (self-folding) polymers with hydrophobic and hydrogen-bonding interactions in water.
23-27
Compared with conventional microgel-core star polymers, single-chain folding polymers have several inherent features: 1) the primary structure (e.g., molecular weight, monomer composition and sequence, and terminal structure and number) of single-chain folding polymers is identical to that of random copolymer precursors; 2) folding properties are tunable by monomer composition, monomer species, and degree of polymerization; and 3) folding structure is dynamically and reversibly variable by external stimuli. 
23
Such self-folding polymers have dynamic and hydrophobic cores of polymethacrylate backbones and dodecyl pendants that are stabilized by multiple short PEG chains. They are thus structurally regarded as single-chain dynamic star polymers. With these intriguing features, PEGMA/DMA-based copolymers would be one of the most promising scaffolds for precisely functionalized nanospaces, whereas the folding structure is formed just in water and easily varied into unfolded (random coil) structure in organic solvents.
We herein produced single-chain crosslinked star polymers via the intramolecular crosslinking (patching) of self-folding amphiphilic random copolymers in water (Scheme 1). This is a new class of microgel star polymers, where the number of arms and functionality, and the crosslinking density are efficiently and directly controlled with random copolymer precursors that are prepared by living radical polymerization. Single-chain crosslinked star polymers can further maintain compact folding structure even in organic solvents.
Scheme 1
Single-chain crosslinked star polymers were prepared via the four steps: 1) polymerization, 2)
pendant-olefin introduction, 3) single-chain folding, and 4) intramolecular crosslinking.
Hydroxyl-functionalized amphiphilic random copolymers (P1-P7) were first synthesized by living radical copolymerization of PEGMA, DMA, and hydroxyl-functionalized monomers These ruthenium complexes and a ligand were handled in a glove box under moisture-and oxygen-free argon (H 2 O < 1 ppm; O 2 < 1 ppm).
1,2,3,4-tetrahydronaphthalene (tetralin, Kisida Chemical, Osaka, Japan, purity >98%), an internal standard for monomer conversion determined by 1 H NMR, was dried over calcium chloride overnight and distilled twice from calcium hydride. n-Bu 3 N (Tokyo Kasei, purity >99%), 4-dimethylamino-1-butanol (4-DMAB: TCI, purity >98%), 38 2,2'-azobis(2-methylpropionamidine) dihydrochloride (V-50: Wako, purity >95%), dimethyl 2,2'-azobis(isobutyrate) (MAIB: Wako, purity >97%), ethanol (Wako, dehydrated), and pure water (Wako) were degassed before use.
Toluene was purified before use; pashing it through a purification column (Glass Contour Solvent Systems: SG Water USA, NH, USA). Dry THF (Wako, dehydrated) and dry diethyl ether (Wako, purity >99.5%) were used without further purification.
Characterization. The molecular weight distribution (MWD) curves, number-average molecular weight (M n ), peak top molecular weight (M p ), and M w /M n ratio of polymers were measured by SEC in DMF containing 10 mM LiBr at 40 o C (flow rate: 1 mL/min) on three linear-type polystyrene gel columns (KF-805L, Shodex, Tokyo, Japan: exclusion limit = 4 × 10 6 mol/g, particle size = 10 µm, pore size = 5000 Å, 0.8 cm i.d. × 30 cm) that were connected to a Jasco PU-2080 precision pump, a Jasco RI-2031 refractive index detector, and a Jasco UV-2075 UV/vis detector set at 270 nm (Jasco, Tokyo, Japan TEM images were taken by using a JEOL JEM-2000EXII at an acceleration voltage of 100 kV.
The aqueous solutions of polymers were applied to a carbon-coated Cu grid, and the samples were negatively stained with 2% uranyl acetate, followed by suctioning the excess fluid with filter paper.
Synthesis of HDMA.
In 100 mL round-bottomed flask filled with argon, MAC (18.6 mmol, 1.8 mL) was slowly added to the solution of 1,12-dodecanediol (27.9 mmol, 5.6 g) and triethylamine (20.8 mmol, 2.9 mL) in dry THF (25 mL) at r.t.. The reaction mixture was stirred at 25 o C for 18 h.
After the evaporation, diethyl ether (50 mL) and distilled water (50 mL) were poured into the crude.
The aqueous phase was separated and extracted by diethyl ether (50 mL), and the ether extracts were combined with the organic layer. The combined organic phase was washed with water three times, ammonia water, and brine, and was dried over anhydrous Na 2 SO 4 overnight. After the ether was removed in vacuo, the crude product was purified by silica gel column chromatography with 
Synthesis of a bifunctional initiator (2).
In 100 mL round-bottomed flask filled with argon, 2-bromo-2-methylpropanoyl bromide (6.5 mmol, 0.80 mL) was added to the solution of 1,4-bis(2-hydroxyethoxy)benzene (1.8 mmol, 0.35 g) and triethylamine (6.5 mmol, 0.91 mL) in dry THF (20 mL) at 0 o C. The reaction mixture was stirred at 25 o C for 18 h. After the evaporation of the reaction solution, diethyl ether (50 mL) and distilled water (50 mL) were poured into the flask. The aqueous phase was separated and extracted by diethyl ether (50 mL), and the ether extracts were combined with the organic layer. The combined organic phase was washed with water three times, ammonia water, and brine, and was dried over anhydrous Na 2 SO 4 overnight.
After the ether was removed in vacuo, a pure solid product (bifunctional initiator: 2) was obtained 
Synthesis of a trifunctional initiator (3).
In 100 mL round-bottomed flask filled with argon, water three times, ammonia water, and brine, and was dried over anhydrous Na 2 SO 4 overnight. 
Synthesis of Olefin-Bearing Amphiphilic Copolymers
The synthesis of olefin-bearing amphiphilic copolymers (P1-O -P7-O) was carried out by syringe technique under argon in baked glass flasks or tubes equipped with a three-way stopcock via ruthenium-catalyzed living radical polymerization and the post-or in situ esterification of hydroxyl-bearing copolymers with MAC. at 0 o C. The reaction mixture was stirred at 25 o C for 18 h. Then, the reaction was quenched with dry ethanol (5 mL). After the solvent was removed in vacuo, the crude product was purified by silica gel column chromatography with toluene as an eluent and precipitated into hexane to give 
P2-O (via in situ esterification

Intramolecular Crosslinking of Olefin-Bearing Amphiphilic Copolymers in Water
The synthesis of star polymers (S1-S7) was carried out by syringe technique under argon in baked glass tubes or flasks equipped with a three-way stopcock. -CH 2 C(CH 3 )-). S6 was similarly obtained with S6-O and V-50.
Results and Discussion
Design of Olefin-Bearing Amphiphilic Random Copolymers
Olefin 
Table 1
As typically shown in Figure 1 , all copolymerization smoothly proceeded via the simultaneous consumption of monomers up to 74-93% conversion, independently of ruthenium catalysts, initiators, monomers, and solvents, to provide hydroxyl-functionalized copolymers with controlled molecular weight and narrow molecular weight distribution (P1-P7, M n = 47400 -73600, M w /M n = 1.2 -1.4, determined by SEC in DMF with PMMA std. calibration, Table 1 ).
Figure 1
Pendant-olefin introduction. Esterification of the hydroxyl pendants of P1 -P7 was 
P2-O, P4-O -P7-O further exhibited aromatic proton signals (p) derived from the initiating sites of
2 (~6.9 ppm) or 4 (7.3 -7.2 ppm) (Figure 2c,d) . Estimated from the peak area ratio of the monomer units to the initiators (p), DP of respective monomers (l/m/n ,DP ) was close to DP calculated from their feed ratios (l/m/n ,calcd ) ( Table 2 ). The number average molecular weight for
P2-O, P4-O -P7-O [M n (NMR)]
was thus determined as 77700 -107000 by 1 H NMR.
Table 2
After esterification, P1-O -P7-O still maintain narrow molecular weight distribution (M w /M n = 1.2 -1.4) and number-average molecular weight almost identical to the precursors (P1 -P7) ( Figure 1 , Table 2 ). The absolute weight-average molecular weight (M w,O ) was determined by multi-angle laser light scattering coupled with SEC (SEC-MALLS): M w,O = 109000 -160000.
M w,O 's for P2-O, P4-O -P7-O were in good agreement with the values calculated from M n (NMR)
and
Intramolecular Crosslinking of Self-Folding Copolymers in Water
PEGMA/DMA random copolymers with 20 -40 mol% hydrophobic DMA units efficiently self-fold in water with hydrophobic interaction.
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Prior to the intramolecular crosslinking, self-folding properties of P7-O (19 mol% DMA) in water were investigated by dynamic light scattering (DLS). As expected, hydrodynamic radius of P7-O in water (R h = 6.4 nm) was smaller than that in CH 2 Cl 2 (8.5 nm), indicating that P7-O self-folds in water to form unimer micelle that locally accumulates hydrophobic pendants within the interior. Given these features, we examined the synthesis of single-chain crosslinked star polymers in water via the two strategies: 1) free radical crosslinking with an azo initiator; 2) living radical crosslinking from a polymer terminal with a ruthenium catalyst (Scheme 1, Table 3 ).
Table 3
Free radical crosslinking. 
P1-O -P5-O
were homogeneously crosslinked without any gelation to give S1 -S5 with narrow molecular weight distribution (M w /M n = 1.2 -1.3) and molecular weight (M n , M p ) smaller than the corresponding precursors ( Figure 5 , Table 3 ). Crosslinking efficiency (olefin conversion), association number of precursor chains in products (intra-or inter-molecular linking), and compactness of products against precursors were dependent on the following factors: the number of bromine terminals (initiator: 1, 2, 3); olefin content (n); and hydrophobic monomer content (m + n).
Figure 5
Owing to low radical concentration via the reversible activation of the carbon-bromine terminus, a ruthenium catalyst induced the crosslinking of P1-O -P5-O (120 -360 h) much slower than a free radical initiator for P6-O and P7-O (16 -72 h, Table 3 ). However, the pendant olefins of P2-O -P5-O with bifunctional and trifunctional initiators (2, 3) were efficiently consumed up to 63 -70 %, while those of P1-O with a monofunctional 1 were consumed up to ~30%.
To estimate the association numbers of polymer chains, final products (S1-S3, S5) were analyzed by SEC-MALLS (Table 3) . P1-O -P3-O, the precursors for S1 -S3, consist of ~40 mol% hydrophobic monomers [100 x (m + n)/DP] with ~10 mol% olefin units (100 x n/DP), whereas P5-O, the precursor for S5, carries ~50 mol% hydrophobic monomers with ~10 mol% olefin units. Absolute M w 's for S1 and S2 were determined as 128000 and 120000, respectively, which are in good agreement with those for the corresponding precursors (M w,O ). Thus, S1 and S2
are single chain-crosslinked star polymers. This result is fully consistent with the fact that a PEGMA/DMA random copolymer with 40 mol% DMA efficiently self-fold in water. (Table 3) . This is because P4-O with large olefin content can be crosslinked more tightly than P2-O. Thus, it reveals that compactness of single chain-and unimolecularly crosslinked star polymers (S1-S4) is dependent on the olefin content (n) of the precursors in comparative hydrophobicity (m + n: 33 -40%).
Properties and Functions
Mobility. To evaluate the mobility of crosslinked cores, single chain star polymers (S6, S7)
were analyzed by 1 H NMR spectroscopy in DMF-d 7 
